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. SUMMARY OF TECHNICAL RESULTS

Ultra Wideband (UWB) communications systems received a renewed attention in 2002 when
Federal Communications Commission (FCC) allocated the-310.6 GHz band for its usage
[1]. The allowed power emission level for UWB wireless communications in [1] is extremely
low (at the thermal noise level), which enables the coexistence of UWB systems with the legacy
systems such as the Global Positioning System (GPS) and IEEE 802.11 wireless local area
networks (WLANSs). One type of UWB systems, known as impulse radio (IR), results in a
very simple receiver structure where intermediate frequency (IF) processing is not required.
This feature gives UWB systems an advantage in low-cost receiver designs. The low-power
spectral density, low-cost features make UWB systems suitable in applications such as real-
time, high-data-rate home entertainment systems, sensor networks, and systems that can exploit
the geolocation capability of UWB.

Despite the envisioned advantages, UWB systems are also fraught with implementation chal-
lenges. Impulse radio UWB uses narrow pulses on the order of sub-nanoseconds duration,
modulated either in time or in amplitude. In a multipath environment, hundreds or thousands of
echos of the narrow pulses can be resolved by the receiver. This results in a large diversity gain
which can be exploited to improve the performance. It is shown that over fifty fingers in a Rake
receiver are required to achieve a satisfactory performance [2]. The complexity in implementing
a large number of Rake fingers and the computationally intensive estimation of the channel
(required by a Rake receiver) have inspired alternative approaches such as transmitted reference
(TR) signaling [3], [4], [5], [6], [7], [8], [9], [10], [11], [12], [13], [14], [15], a scheme which
dates back to the 60s [16].

In this project, we have investigated the multiple access issues for TR UWB systems in
multipath environments. Networks under consideration included both a large number of active
interfering users that have power levels similar to or lower than the desired user, and a small
number of users with much higher power levels than the desired user. We differentiate these two
types of interference as: interference from equal-power users (the conventional multiple-access
interference, MAI) and interference from high-power users. Therefore, the near-far effects are



included in the analysis. We have also investigated how the near-far problem affects synchro-
nization for for UWB systems. In this final report we hightlight the results of our investigations,
the details of which are give in the following papers: [17], [18], [19], [20], [21], [22], [23].

[I. TRANSMITTED REFERENCEUWB SYSTEMS

In TR UWB systems, signaling is carried out by transmitting a reference pulse before each
data-bearing pulse separated by a time interval less than the coherence time of the channel.
In contrast, conventional UWB systems transmit one pulse in each frame. Typically multiple
pulse/pulse pairs are transmitted per symbol.

The separation of the two pulsek, is set to be less than the coherence time of the channel
so that the reference pulse and the data-bearing pulse are affected by approximately the same
channel conditions. The main advantage of TR systems over UWB systems with Rake receivers
is that TR systems do no require channel estimation, while Rake receivers require channel
estimation for each finger. By using a delay line, the reference signal is aligned with the data-
bearing signal and the correlation is computed between these two signals. The reference signal
serves as a template to demodulate the data-bearing signal and a large diversity gain is achieved
in this way. The advantage of TR systems also comes from the more relaxed synchronization
requirements [24], [25], [26] compared to UWB systems with Rake receivers [27], [28], [29].

TR systems, as any other systems, have disadvantages. One disadvantage is that the reference
pulses do not convey information, thus resulting in a 3 dB energy penalty when compared to
conventional UWB systems. The reference signal of TR systems is noisy since it is corrupted
by at least the additive white Gaussian noise (AWGN). Just as differentially modulated systems,
the noise power doubles for TR systems at high SNR. Another disadvantage of TR systems is
the difficulty in implementing the analog delay line used to align the reference signal and the
data-bearing signal. This difficulty is somewhat resolved by another signaling scheme, frequency-
shifted reference (FSR) UWB systems which do not require analog delay lines at the receiver. In
this project we investigate the performance of FSR systems relative to TR UWB systems [20],
[23].

[1l. M ULTIPLE ACCESSINTERFERENCE INTR UWB SYSTEMS

Performance of single-link TR UWB systems is studied in [4], [5], [6], [7], [8]. [9], [10], [11],
[12]. Multiple-access (MA) performance of TR UWB systems is investigated in [13], [14], and
[15]. In these papers, all active users in the network are assumed to have power levels equal to
the desired user at the receiver side and their interference is assumed to be Gaussian distributed.
The assumption that all users have the same power levels as the desired user frequently does not
hold in ad-hoc wireless communications where centralized power control is not employed due
to survivability and complexity constraints. In this project, we consider UWB networks where
transmitters in close proximity (“high-power”) to a receiver cause significant interference with
the desired signal due to the much larger power levels of these signals. We also include a large
number of active interfering users that have power levels similar to or lower than the desired
user. Performance is quantified under the combined effect of equal-power and high-power users.



A. High-power Users

In networks without power control, the received power levels from interfering users can vary
over many 10’s of dB. But this group of high-power users is not included in the MA analysis in
the current literature [13], [14], [15]. In this project, we consider the more general situation where
the users with much higher power levels than the desired user are included in the analysis. The
authors of [14] concluded that the optimal transmission strategy is to concentrate the transmission
power in one frame for TR UWB systems. In the presence of high-power users, traditional
MA suppression techniques such as in [15] do not guarantee satisfactory performance. Chip
discrimination, proposed in [30], [31] for AWGN channels and studied in [32] with multipath
channels, is applied in this project to achieve satisfactory performance even in environments
exhibiting the so called near-far problem. Our investigation in [17], [23] suggests that for TR
UWB systems using binary PAM, the optimal transmission strategy differs from that in [14]
which only included equal-power users, and we show how the optimal transmission strategy
depending on the system parameters.

The constraint on TR UWB systems to have a large spacing between pulses plus the re-
quirement of chip discrimination to have a low duty cycle results in a low data rate for TR
systems. Although the data rate can be increased for TR systems by decreasing the separation
time between pulses [15], the data rate is at least somewhat dependent on the delay spread of
the channel. In this project, we also investigate one technique, M-ary PPM, to improve the data
rate for TR UWB systems in the presence of high-power users. Impulse radio using M-ary PPM
has been investigated in a number of settings for UWB systems with Rake receivers [33], [34],
[35], [36]. The current literature for TR UWB systems focuses on binary modulation schemes
[14], [15]. Performance of the synchronization function of the receiver is investigated for M-ary
TR systems in [37]. Our results in the study of high-power interference are published in [19],
[23].

B. Equal-power Users

1) TR UWB Systemsthe work on multiple-access performance of binary TR UWB systems
can be found in [13], [14], [15]. In these papers, all active users in the network are assumed to
have equal power at the receiver and their interference is assumed to be Gaussian distributed.
The Gaussian assumption for interference from equal-power users for UWB systems with a Rake
receiver is used in the literature, for example, [38], [33], and is evaluated in [39], [34], [40], [41],
[42], [43]. For a binary TR UWB system, simulation is used to validate this Gaussian assumption
of the interference from equal-power users in [14]. The noisy template and the typically longer
integration time of the receiver in TR UWB systems makes the Gaussian assumption for MAI
more accurate when compared to UWB systems with Rake receivers.

In this project, we have used the Gaussian assumption to model the effect of equal-power users
and focus on providing a theoretically tractable performance evaluation for TR UWB systems
with M-ary PPM. [19], [18], [21], [23]. Rather than using simulations to show the bit-error-
probability (BEP) performance with MAI as found in [14] and [15], we incorporate the power



delay profile (PDP) of the channel, inspired by the work in [13], to derive the variance of the
MAI, enabling theoretical BEP analysis. Our analysis reveals a general relationship between
the variance of the MAI, the shape of the transmitted pulse, and the PDP of the channel. By
applying an upper bound on the BEP, the number of equal-power users that the system can
support is evaluated for different modulation orddr The network throughput in terms of the

total bit rate is obtained based on the number of supported equal-power users. Tradeoffs between
the system performance and complexity in implementing high-order modulation schemes are
investigated. This theoretical contribution can also be used to address two fundamental issues of
communications for TR UWB systems using M-ary PPM: 1) To determine the achievable data
rate as a function of system resources. 2) To determine the redtiyéd for the system to
achieve a given BEP.

In this project, the combined effects of both equal-power and high-power users are quantified,
including the limit in the data rate in the presence of high-power users, and the optimization of
the system performance by finding the optimal operational parameters [19], [18], [21], [23].

2) FSR UWB Systemgs discussed earlier, TR UWB systems have been proposed to alleviate
the implementation issues of UWB Rake receivers due to channel estimation and the need for
a large number of Rake fingers. However, the wideband analog delay line used in TR receivers
is difficult to implement in practice as well. A slightly frequency-shifted reference (FSR) UWB
system has been introduced in [44] to retain the benefits of TR UWB systems while avoiding
the analog delay line of TR systems. The single-link performance of FSR systems has been
investigated in [44]. A lightly loaded system with a few users is considered in [45] where the
number of users is constrained by the coherence bandwidth of the channel. In this project, we
consider general networks with no constraints on the number of users and the MA performance
of FSR UWB systems is derived under both AWGN and multipath channel conditions.

The theoretical tool developed for obtaining the MA performance of TR systems is used for
FSR systems: the power delay profile (PDP) of the multipath channel is incorporated in the
analysis of the MA interference power. A theoretical comparison between FSR and TR UWB
systems in a multiuser environment is developed in this project which contributes to the current
literature on FSR ultra-wideband systems [20], [23].

IV. NEAR-FAR RESISTANT SYNCHRONIZATION

In the UWB literature, narrow-band, single-tone interference is considered in [46], [47], [48]
and reference therein, where techniques are investigated to suppress the narrow-band interference.
Synchronization for UWB systems in the presence of wide-band multiple access interference
(MAI) is studied in [49], [50], [51], [52], [53], [54]. All interfering users in these works are
assumed to have power levels lower than or similar to the desired user. The works in [49], [53],
[54] are based on the maximal likelihood (ML) criterion for achieving acquisition in multiple-
access (MA) environments. The authors in [50], [51] investigate the search orders of the divided
bins in the time domain while a frequency-domain procedure for synchronization is studied in
[52].



In the CDMA literature, near-far resistant synchronization is studied in [55] where the code
waveforms of all users are assumed to be known by the receiver and the complexity is generally
high since a global maximization is performed upon all users. In [56], blind synchronization
is carried out for users with equal power levels without the knowledge of the codes from all
users. Synchronization in a near-far environment which only requires knowledge of the desired
user’'s code is investigated in [57] and [58]. However either the subspace method in [57] or
the ML procedure in [58] involves matrix operations (inversions, for example) which makes the
methodologies too computationally intensive for UWB communications.

In this project, we investigate the coarse (symbol level) synchronization in environments where
there is no power control for UWB communication networks. The power levels from interfering
users at the desired receiver can vary over many tens of dB. In this project, we propose and
investigate an easy to implement procedure suppress the high-power interfering signals, that does
not require knowledge of the interfering users’ codes. This procedure uses the fact that the signs
of cross correlations between received symbols are determined by dominant signal waveforms
from high-power interfering users. Using the knowledge of signs of cross correlations plus the
knowledge of the desired user’'s spreading code, the procedure retains symbols for subsequent
processing only when high-power interfering waveforms are combined destructively. Due to
the so-called edge effect, we find that the signals from high-power interfering users can not
be completely canceled. However the dimension of interfering signals after the suppression
procedure is considerably reduced.

We also propose a new dimension-based estimation technique to estimate the code phase from
the suppressed signal. The issue of threshold setting is discussed for implementing the dimension
detection technique. The suppression procedure and the subsequent dimension detection has low
complexity compared with methods in [57] and [58] and requires no additional resources for
synchronization than traditional UWB receivers.
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